Apical membrane antigen 1 (AMA-1) is a promising vaccine candidate for Plasmodium falciparum malaria. Antibodies against AMA-1 of P. falciparum (PfAMA-1) interrupt merozoite invasion into RBCs. Initially localized within the apical complex, PfAMA-1 is proteolytically processed and redistributed circumferentially on merozoites at about the time of their release and invasion into RBCs. An 83-kDa precursor form of PfAMA-1 is processed to 66-kDa and then to 48-and 44-kDa products. We show that, even at low concentrations, IgG antibodies against correctly folded recombinant PfAMA-1 cross-linked and trapped the 52-, 48-, and 44-kDa proteolytic products on merozoites. These products are normally shed into the culture medium. At higher concentrations antibodies inhibited invasion into RBCs and caused a reduction in the amount of 44-and 48-kDa products, both on merozoites and in the culture medium. A corresponding increase also occurred in the amount of the 66-and 52-kDa forms detected on the merozoites. These antibodies also prevented circumferential redistribution of AMA-1. In contrast, monovalent invasion-inhibitory Fab fragments caused accumulation of 66-and 52-kDa forms, with no cross-linking, trapping, or prevention of redistribution. Antibodies at low concentrations can be used as trapping agents for intermediate and soluble forms of AMA-1 and are useful for studying proteolytic processing of AMA-1. With this technique, it was confirmed that protease inhibitor chymostatin and Ca 2؉ chelators can inhibit the breakdown of the 66-kDa form. We propose that antibodies to AMA-1 capable of inhibiting erythrocyte invasion act by disrupting proteolytic processing of AMA-1.
P
roteases play an important role in the process of host-cell invasion and intracellular development of important diseasecausing pathogens, including viruses, bacteria, and protozoan parasites (1) . The process of RBC invasion by the Plasmodium merozoite has been of considerable interest to malaria researchers. Parasite proteases assist invasion directly by modifying host RBC membrane or indirectly by proteolytic processing of other merozoite proteins, which in turn are involved in invasion (2) . Merozoite surface protein 1 (MSP-1) of Plasmodium falciparum, an important vaccine candidate for malaria, is synthesized as an Ϸ200-kDa protein. As a result of several proteolytic cleavages during merozoite development, the Ϸ200-kDa protein is processed to a 19-kDa merozoite-bound molecule (MSP-1 19 ), which is believed to be of functional significance during invasion (3) . Antibodies against MSP-1 19 , which block invasion of merozoites into RBC, have also been shown to interrupt the crucial proteolytic step that gives rise to MSP-1 19 (4) .
Apical membrane antigen 1 (AMA-1) is another important P. falciparum protein (PfAMA-1) being actively considered for vaccine development (5) . Like MSP-1, PfAMA-1 is also synthesized as a precursor protein of 83 kDa (PfAMA-1 83 ) (5, 6) . PfAMA-1 83 is localized in the apical complex (micronemes and rhoptries) (5) (6) (7) (8) (9) of the merozoite, where it is further processed to 66 kDa (PfAMA-1 66 ) by the removal of a short N-terminal prosequence (6, 10) . At or around schizont rupture and merozoite invasion, PfAMA-1 66 translocates from within the apical complex to the surface of the merozoite (6, 8, 9) . Once on the surface, PfAMA-1 66 is circumferentially redistributed and undergoes two C-terminal cleavages (either sequentially or independently), giving rise to 48-and 44-kDa soluble forms (PfAMA-1 48ϩ44 ) (6, 10, 11) . Processed forms containing the C-terminal end of PfAMA-1 have been detected on the ring forms (6, 10) . Although the exact relationship among processing, translocation, redistribution, and shedding events of AMA-1 is not clear, their timing suggests involvement in merozoite invasion.
Recombinant P. falciparum AMA-1 protein induces antiparasitic antibodies, which inhibit parasite growth in vitro (12) (13) (14) and protect immunized animals against parasite challenge in vivo (15) . In anticipation of a human safety and immunogenicity trial, we have manufactured GMP-grade recombinant AMA-1 protein from the P. falciparum 3D7 clone (16) . Although this protein has not been tested in a non-human primate challenge model for P. falciparum malaria (because of the inability of the 3D7 parasite to infect monkeys), antibodies to this protein effectively inhibit invasion of the parasites in vitro (16) . In the current study we report that inhibitory antibodies to AMA-1 affect its processing and localization on the merozoite.
Materials and Methods
Antibodies. Rabbit antibodies were raised against recombinant AMA-1 (449 aa of P. falciparum 3D7 clone, residues 83 Gly -531 Glu ) by vaccinating with 100 g of protein with Montanide ISA720 (Seppic Inc., Paris; s.c., three doses, 3 wk apart), and serum was collected 2 wk after the last immunization (16) . Pooled or individual serum samples were used in the study. A pool of preimmune and adjuvant control rabbit sera served as control. IgGs were purified by using 1 ml of protein G column (Amersham Pharmacia). Fab fragments were prepared from IgG by papain digestion (17) by using ImmunoPure Fab kit (Pierce). Purity of the Fab fragments preparation was confirmed by SDS͞PAGE. Polyclonal IgG against recombinant AMA-1 was labeled with biotin by using the EZ-link Biotinylation kit (Pierce). mAb 4G2dc1 reacts with a conformational epitope on the ectodomain of AMA-1 (9), and mAb 5.2 recognizes the MSP 19 of P. falciparum (18) .
AMA-1-Processing Assay. P. falciparum clone 3D7 cultures were prepared as described (19) . Culture media included 10% heatinactivated normal human serum in bicarbonate-containing RPMI medium 1640, containing final 0.42 mM Ca . Fifteen microliters of heat-inactivated rabbit serum This paper was submitted directly (Track II) to the PNAS office.
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(dialyzed against RPMI medium 1640 or used directly after heat inactivation) or purified IgG or Fab fragments was mixed with 135 l of synchronized (19) , Percoll-alanine-purified (20) , midstage (approximately eight nuclei), Ͼ90%-pure schizonts (1 ϫ 10 7 per ml) in a 48-well culture plate. PBS was used as a diluent if necessary. The plate was placed in a plastic bag, gassed with 5% O 2 ͞5% CO 2 ͞90% air, heat-sealed, and incubated at 37°C for Ϸ6 h (21) . Aliquots from a control-culture flask were taken to monitor the percent rupture of schizonts by hemocytometer. After Ϸ90% schizonts had ruptured, the contents of each well were transferred to a microfuge tube and centrifuged at 10,000 ϫ g for 5 min. The supernatant was aspirated, and the resulting parasite pellet was washed with 0.5 ml of chilled PBS and centrifuged as before. The supernatant was discarded, and 150 l of 1ϫ NuPAGE sample buffer (Invitrogen) was added to the tubes; samples were frozen at Ϫ30°C until they were analyzed. Soluble forms of AMA-1 were immunoprecipitated from the processing-assay culture supernatants or from culture supernatants of routinely maintained parasites by using MagnaBind Goat anti-Rabbit IgG-coated Magnetic Beads (Pierce).
Protease Inhibitors. Protease inhibitors were tested for their effect on AMA-1 processing. All inhibitors were from Sigma. PMSF, pepstatin, and N-p-tosyl-L-phenylalanine chloromethyl ketone (TPCK) were dissolved in 100% ethanol. Antipain, leupeptin, and 1,10-phenanthroline stocks were made in water. EDTA and EGTA stocks were made in PBS (pH adjusted to 7.2), 7-amino-1-chloro-3-tosylamido-2-heptanone (TLCK) was prepared in 1 mM HCl, and E64 and chymostatin were prepared in DMSO. All stocks were at 100ϫ concentration. The protease inhibitor (1.5 l) or its respective solvent control was added to 15 l of PBS, and then 135 l (1 ϫ 10 7 per ml) of Percoll-purified midstage schizonts were added. The processing assay was carried out as described above. A parallel assay with protease inhibitors was carried out in two similarly prepared plates to which RBC were also added to a final 4% hematocrit. Parasites in the first plate were allowed to invade in suspension at 37°C, and thin smears were prepared after the rupture cycle for Giemsa staining and examination for the presence of protease inhibitor clusters of merozoites (22) . In the second plate, parasites (135 l of 5 ϫ 10 6 per ml schizonts plus RBC at 4% hematocrit) were incubated overnight, and ring forms were quantitated by flow cytometry as a measure of parasite invasion (21) .
PAGE and Western Blotting. Samples were briefly sonicated with a microtip sonicator, heated at 80°C for 2 min, and spun down; 16 l was applied per well to a precast 4-12% gradient polyacrylamide gel (NuPAGE Bis-Tris, Invitrogen). Samples were run under nonreduced conditions unless specified. DTT at 50 mM was added to samples resolved under reduced conditions. Proteins from the gel were electrophoretically transferred to nitrocellulose membrane and blocked with 5% BSA in PBS containing 0.05% Tween 20 overnight at 4°C. AMA-1-specific bands were immunostained by incubating the blot with biotin-labeled polyclonal anti-AMA-1 IgG (2 mg͞ml) at 1:1,500 dilution for 2 h. Reducing Western blots were immunostained with biotinlabeled polyclonal IgG against reduced and alkylated recombinant AMA-1. After washing with PBS-Tween, horseradish peroxidase-conjugated NeutrAvidin (Pierce) at 1:15,000 dilution was added for 1 h; the blot was washed and developed with SuperSignal West Pico Chemiluminescent substrate (Pierce), followed by x-ray film exposure (Kodak BioMax). Developed x-ray films were scanned, and band intensity was calculated by using IMAGEQUANT 5.1 software (Molecular Dynamics).
AMA-1 Localization with Indirect Immunofluorescence Assay. Midstage schizonts were incubated with the antibodies in the same format as described in AMA-1-Processing Assay. At Ϸ70% schizont rupture samples were chilled, and a protease inhibitor mixture (catalog no. 554779, Pharmingen) was added to each sample. To have similar concentrations of the postimmune sera in the test and control wells, postimmune anti-AMA-1 sera (1:10) were added to wells corresponding to preimmune or negative serum control, and all samples were incubated on ice for another 1.5 h to allow the newly added antibodies to bind. This incubation was followed by centrifugation at 2,000 ϫ g for 4 min, and the resulting pellet was washed with growth medium containing a 10% human serum and protease inhibitor mixture. The final pellet was suspended in 20 l of wash buffer, and 1 l was spotted for an immunofluorescence assay. Slides were fixed with acetone for 1 min and blocked with 10 mg͞ml BSA in PBS for 30 min. Primary antibody was anti-MSP-1 mouse mAb 5.2 (1:1,000 of ascitic fluid); secondary antibodies were anti-rabbit FITC-conjugated antibody (1:300) and anti-mouse phycoerythrin conjugate (1:1,000) (all from Southern Biotechnology Associates). Both incubations were for 1 h. The slides were washed with PBS and mounted with Fluoromount G. Microscopy was done under UV light with a FITC filter for AMA-1 and a dual-cube FITC plus phycoerythrin filter for colocalizing AMA-1 and MSP-1. In the immunofluorescence assay for protease inhibitor-treated parasites, a 1:1,000 dilution of polyclonal anti-AMA-1 rabbit serum was added concurrently with mAb 5.2.
ELISA and Growth Inhibition Assay (GIA). ELISA and static GIA were done as described (16, 21) .
Results
Processing of AMA-1 in the Presence of Anti-AMA-1. A processing assay was performed with preimmune (1:10) (noninhibitory by GIA), immune 1:10 (Ͼ85% inhibition by GIA), and immune 1:2,500 (noninhibitory by GIA) serum pools. The resulting parasite pellets were analyzed by Western blotting. Immunoprecipitated soluble AMA-1 fragments from culture supernatant of routinely maintained parasites, with polyclonal anti-AMA-1, were also analyzed on the same gel. As expected, two AMA-1-specific bands were detected under nonreduced conditions in merozoites released in the presence of preimmune serum (Fig.  1A, lane 1) . These bands migrated at 73 and 62 kDa (under our electrophoretic conditions) and, as evidenced by reactivity to mAb 4G2dc1 (Fig. 3, lane c) , correspond to the 83-and 66-kDa forms, respectively, of PfAMA-1 fragments described in the literature. In contrast, merozoites released in the presence of anti-AMA-1 sera showed two additional bands at 52 and 46 kDa, respectively ( Fig. 1 A, lanes 2 and 3) . The 52:46 band intensity ratio was higher at 1:10 dilution (Fig. 1 A, lane 2) than at 1:2,500 ( Fig. 1 A, lane 3) . The 52-and 46-kDa bands had mobility similar to the soluble forms of PfAMA-1 observed in the positive immunoprecipitation control (Fig. 1 A, lane 4) . A recent publication (11) reported that AMA-1 fragments immunoprecipitated from culture supernatant migrate at 52 and 46 kDa under nonreduced conditions, and that the 46-kDa band constitutes comigrating 48-and 44-kDa soluble forms. The 46-kDa band observed in our processing assay also resolved into a 48-and 44-kDa band under reducing conditions (Fig. 1B, lanes 3 and 4) . Hence, it was concluded that the 52-and 46-kDa bands observed on our processing assays under nonreduced conditions represent the 52-and 46-kDa bands observed by others (11) , and, for the purpose of maintaining continuity with published data, we refer to the observed 73-, 62-, 52-, and 46-kDa bands as PfAMA-1 83 , PfAMA-1 66 , PfAMA-1 52 , and PfAMA-1 48ϩ44 , respectively. Our data demonstrate that invasion-inhibitory anti-AMA-1 can trap an intermediate-form PfAMA-1 52 along with the soluble forms PfAMA-1 48ϩ44 on the merozoite surface.
In the same experiment the shed fragments of AMA-1 were immunoprecipitated from culture supernatant and analyzed under nonreducing conditions. The 46-kDa band was detected in the supernatant from parasites incubated with preimmune (Fig.  1C , lane 1) and 1:2,500 immune (Fig. 1C, lane 3) sera, but it was absent in the supernatant from parasites incubated with 1:10 immune serum (Fig. 1C, lane 2) . The results indicate that, at inhibitory concentration, antibodies to AMA-1 inhibit the formation and shedding of PfAMA-1 48ϩ44 from merozoites.
An individual inhibitory rabbit serum was tested in a processing assay at 20-, 30-, 90-, 270-, 810-, and 2,400-fold dilutions, respectively (Fig. 2) . Four distinct effects of antibodies on AMA-1 processing were observed. First, PfAMA-1 52 and PfAMA-1 48ϩ44 were trapped on the merozoites. Second, PfAMA-1 52 and PfAMA-1 48ϩ44 appeared to have a precursorproduct relationship (linear correlation between increasing and decreasing band intensity). Third, the formation of PfAMA-1 48ϩ44 appeared to be inhibited by antibodies, and the ratio of PfAMA-1 52 to PfAMA-1 48ϩ44 was higher at higher concentrations of the inhibitory sera. Fourth, a high concentration of inhibitory anti-AMA-1 sera led to substantial accumulation of the PfAMA-1 66 (Fig. 2 ; compare 1:20 and 1:270 dilutions), suggesting processing inhibition of PfAMA-1 66 .
Kinetics and Specificity of the Processing Assay. AMA-1 is synthesized and processed during schizont development and rupture (6) (7) (8) (9) (10) (11) . To determine whether the processing assay can detect the synthesis and processing of AMA-1, schizonts were allowed to rupture in the presence of inhibitory immune serum pool at a 1:10 dilution (Fig. 3) . A pool of control preimmune serum was also incubated at identical concentration. Schizont rupture was monitored by hemocytometer counts. No difference was observed in the rupture kinetics of schizonts in pre-or postimmune sera. Starting at time point 0 (T0) (corresponding to 0% rupture) sample sets were drawn at T1 (2.25 h; 30% rupture), T2 (3 h; 40%), T3 (4.25 h; 60%), T4 (5.5 h; 76%), and T5 (6.5 h; 87%) and analyzed by Western blotting under nonreduced conditions. In the preimmune control lanes, PfAMA-1 83 and PfAMA-1 66 were detected, whereas, in the lanes corresponding to immune serum, additional PfAMA-1 52 and PfAMA-1 48ϩ44 bands were seen. The relative intensity of PfAMA-1 52 and PfAMA-1 48ϩ44 remained unchanged over time. To rule out immunoprecipitation of AMA-1 from the culture supernatant, immune serum was added (at T5) to one of the preimmune wells and incubation continued at 37°C for an additional 30 min (T6). PfAMA-1 52 and PfAMA-1 48ϩ44 bands in this control lane were much weaker (lane b) than when immune sera were present from the beginning (lane a), suggesting that the assay detects proteolytic products of cross-linked, membrane-bound AMA-1 molecules. Reactivity to mAb 4G2dc1 was further used to confirm the identity of the observed bands (lane c).
IgG prepared from an inhibitory serum pool of rabbits immunized with refolded recombinant AMA-1 (16), and IgG isolated from noninhibitory serum of rabbits immunized with reduced and alkylated recombinant AMA-1, were tested in a processing assay. Table 1 shows ELISA titers and GIA activity GIA was performed at three dilutions with the same samples of IgG used in the processing assay (Fig. 4A) . *Ref-AMA-1, refolded AMA-1; R͞A AMA-1, reduced and alkylated AMA-1.
of the two IgG pools at three dilutions. Fig. 4A shows that, as with whole sera, purified IgG also caused processing inhibition and trapping. Although antibodies against reduced and alkylated protein tested positive on ELISA, these antibodies tested negative on the GIA and processing assay. It has been reported that most of the inhibitory epitopes on recombinant AMA-1 were disulfide bond-dependent (16, 23) ; the same appears to be the case with processing inhibition and trapping.
Monovalent Fab fragments of inhibitory IgG failed to show trapping (Fig. 4B) . Equimolar concentration of intact anti-AMA-1 IgG showed a high level of trapping, indicating that antigen cross-linking may be important for trapping. The 66-kDa form accumulated in the presence of high concentration of Fab fragments (Fig. 4B, lanes 4 and 5) , similar to the observation with intact IgG. To determine the effect of Fab fragments on PfAMA-1 52 processing, 1:2,500 dilution of the AMA-1 serum pool was added to the assay as a trapping agent. (This dilution trapped efficiently, but showed no inhibition of PfAMA-1 66 or PfAMA-1 52 processing.) As observed with intact IgG, PfAMA-1 52 appeared only at high Fab concentration (Fig. 4B, lane 4) , whereas, at lower concentrations, PfAMA-1 48ϩ44 was seen. The intensities of the trapped PfAMA-1 52 and PfAMA-1 48ϩ44 were much lower than those observed with intact IgG, probably because of competition between Fab fragments (nontrapping) and the intact antibodies (trapping). In a comparative GIA, IgG at 0.37 mg͞ml showed 81% inhibition, whereas purified Fab fragments of the same IgG sample (at 0.28 mg͞ml; approximate equimolar antigen binding sites) showed 78% inhibition of parasite invasion. Control IgG and Fab fragments showed no inhibition. The anti-AMA-1 Fab preparation used in the GIA showed a profile similar to Fig. 4B , lanes 4 and 5, whereas the Fab fragments of preimmune IgG appeared similar to the control lane c on a processing assay. The inhibition of invasion by Fab fragments is consistent with the previous observations with Plasmodium knowlesi (24) .
AMA-1 Localization Assay. AMA-1 was located apically and circumferentially on merozoites released in the presence of the preimmune control pool (1:10 dilution). These are the expected locations of AMA-1 on free merozoites ( Fig. 5; control) . In contrast, AMA-1 on the merozoites released in the presence of immune pool (1:10 dilution) was located apically with little or no circumferential distribution ( Fig. 5 ; anti-AMA-1). This effect was clearly seen with up to 1:1,000 dilution of the serum pool. No apical restriction was seen in the presence of inhibitory concentrations of Fab fragments. Hence, it appears that apical restriction was associated with cross-linking and trapping.
Processing of AMA-1 in the Presence of Protease Inhibitors and Cation
Chelators. Inhibitors of serine proteases (antipain, PMSF, TLCK, TPCK, leupeptin, and chymostatin), cysteine proteases (antipain, leupeptin, chymostatin, and E64), cation-dependent proteases (1,10-phenanthroline, EDTA, and EGTA), and aspartic proteases (pepstatin) were used to determine the nature of proteases involved in AMA-1 processing. The assay was also performed in the presence of trapping antibodies (1:2,500 dilution of rabbit anti-AMA-1 sera pool). The ability of these protease inhibitors to block schizont rupture or RBC invasion was studied in parallel experiments. Inhibitors 1,10-phenanthroline, TPCK, TLCK, and PMSF interrupted schizont maturation, as observed by the presence of midstage schizonts on Giemsa-stained thin smears. Protease inhibitor clusters of merozoites were observed on Giemsa-stained slides of E64, chymostatin, and leupeptin. In the AMA-1-processing assay none of the inhibitors showed significant accumulation of the PfAMA-1 83 precursor accompanied by reduced PfAMA-1 66 (Fig. 6Aa) . PfAMA-1 66 , however, was found to accumulate in the presence of chymostatin, with a corresponding decrease in the intensity of trapped PfAMA-1 52 and PfAMA-1 48ϩ44 (Fig. 6 Ab, lane 5, and B). Chymostatin did not block schizont development, but protease inhibitor clusters of merozoites were observed on Giemsastained smears. Chymostatin at 100 M showed Ͼ90% inhibition of merozoite invasion. Cation-chelating agents EDTA and EGTA also caused accumulation of PfAMA-1 66 (Fig. 6 Aa, lanes 10 and 11, and B) ; however, unlike chymostatin, where the formation of both PfAMA-1 52 and PfAMA-1 48ϩ44 were inhibited, EDTA and EGTA inhibited the formation of only PfAMA-1 48ϩ44 (Fig. 6 Ab, lanes 10 and 11, and B) . EDTA and EGTA did not affect schizont rupture at 1 mM, but showed Ϸ40% and Ϸ20% inhibition of RBC invasion, respectively. Addition of Ca 2ϩ to both EDTA and EGTA lanes reversed the accumulation of PfAMA-1 66 , accompanied by increase in the level of PfAMA- (Fig. 6 C a and b) . Although the addition of Mg 2ϩ reversed the EDTA-induced inhibition, it had no effect on the EGTAinduced inhibition. (EGTA is a poor chelator of Mg 2ϩ .) We did not observe apical restriction of AMA-1 by immunofluorescence assay on merozoites released in the presence of any of the inhibitors mentioned above.
Discussion
This article describes the observations of the effects of invasioninhibitory anti-AMA-1 antibodies on parasite AMA-1 processing and redistribution. Bivalent IgG and monovalent Fab fragments that block invasion were found to cause significant accumulation of the PfAMA-1 66 and PfAMA-1 52 forms on the merozoite. In addition, bivalent IgG showed cross-linking of three soluble forms of AMA-1 (i.e., PfAMA-1 52 , PfAMA-1 48 , and PfAMA-1 44 ) on the merozoite, and inhibited the circummerozoite redistribution and shedding of PfAMA-1.
The expression of AMA-1 on the parasite is vital for its survival (25) . The biological function of AMA-1 is not known, nor is it known whether processing, redistribution, and shedding are necessary for its function. However, the timing of these events and their similarity to activation by proteolytic processing of other molecules of pathogens (1, 2) suggest a role in merozoite invasion into RBCs. Like MSP-1, only a processed C-terminal product of PfAMA-1 was detected in successfully invaded ring forms (6, 10) , further indicating that processing may be linked to the function of AMA-1. The shedding of PfAMA-1 44&48 is unlikely to be an artifact of merozoite degradation in the absence of RBCs for invasion, because PfAMA-1 44&48 forms were reported to be as abundant in culture media with RBCs for invasion as in those without (11) . The processing of PfAMA-1 66 in the absence of RBCs suggests that processing does not require invasion of RBCs. On the other hand, the four reagents that inhibited the processing of PfAMA-1 66 (immune IgG and Fab, chymostatin, and EDTA͞EGTA) also inhibited invasion. This correspondence suggests a cause-and-effect relationship but does not rule out other possible mechanisms of action of antibodies, given the complexity of the process of RBC invasion.
Steric hindrance caused by binding of antibodies to AMA-1 on merozoites (either within the schizont or outside) may limit access to protease recognition sites inhibiting its processing. Inhibition of circumferential redistribution by bivalent antibodies may also physically prevent AMA-1 from coming in contact with membrane-bound ''sheddases'' (11) . The data with mono- valent Fab fragments, however, suggest that processing inhibition of PfAMA-1 66 and the appearance of PfAMA-1 52 caused by steric hindrance may be the major factor.
Proteolytic sites that generate PfAMA-1 52 are not known (11) . Based on size, PfAMA-1 52 may have resulted from a cleavage within the transmembrane domain (11) . PfAMA-1 52 may be loosely embedded in the membrane, such that small amounts of it could be shed, while the rest undergoes further processing. Antibodies can cross-link this molecule on the merozoites, which is how it is detected in the processing assay. Although we do not have direct evidence that PfAMA-1 52 is further processed, serial-dilution experiments with antibodies (Fig. 2) suggest a precursor-product relationship between the merozoite-bound PfAMA-1 52 and PfAMA-1 48ϩ44 , which would indicate that PfAMA-1 52 is a transitional intermediate formed during the processing of PfAMA-1 66 . However, little or no PfAMA-1 52 was seen on merozoites rupturing in the absence of immune sera, suggesting that PfAMA-1 52 is a product of anomalous processing of PfAMA-1 66 , as suggested by others (11) . Hence, the production of PfAMA-1 52 on the merozoites may be an additional mechanism of antibody action. In fact, the ratio of trapped PfAMA-1 52 ͞PfAMA-1 48ϩ44 band intensity directly correlated with the ability of a serum sample to inhibit invasion in a GIA ( Fig. 4A and Table 1 ). Based on our observations, we suggest alternative pathways for proteolysis of PfAMA-1 66 (Fig. 7) , one in which PfAMA-1 52 is a normal intermediate and the other in which PfAMA-1 66 directly forms PfAMA-1 44ϩ48 .
The enzymes that cleave PfAMA-1 66 are suggested to be divalent cation-dependent serine proteases (11) , which is consistent with our findings that chymostatin and EGTA inhibited this cleavage but E64 had no effect. However, our findings with PMSF, TLCK, and TPCK were not interpretable because they showed significant inhibition of schizont development or rupture at concentrations that appeared to inhibit AMA-1 processing. We did not see inhibition of surface redistribution of AMA-1 in the presence of chymostatin, which prevents PfAMA-1 66 processing. This finding is consistent with previous findings that, soon after its formation, PfAMA-1 66 redistributes on the merozoite surface (6) .
Our data suggest that antibodies to AMA-1 can affect the processing of native AMA-1 at concentrations achievable after vaccination. Development of a vaccine based on AMA-1 would benefit from a reliable correlate of immunity. Future studies with AMA-1 antibodies from non-human primates protected against parasite challenge (15) or human immune individuals (12) are needed to establish whether these observations directly correlate with protection. In addition to MSP-1 and AMA-1, several other vaccine-candidate P. falciparum antigens such as SERA (26) , RAP-1 (27) , and Pfs230 (28) are known to be stage-specifically processed. It remains to be seen whether antiparasitic antibodies against these antigens also inhibit their processing and localization.
